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INTRODUCTION

The role of dopants in highcTsuperconductors is widely seen as being limited to the
introduction of hole carriers into the Cy@lanes of otherwise insulating parent compounds.
This simplified assumption is partly driven by the lack of information on thallatomic
and electronic structure around dopants. While experimental evidence favoring inhomoge
neous charge distributions of the doped holes is still mounting, the role that dopants play
in determining this inhomogeneous ground state, if any, is still unclear. SinceThigh-
perconductors manifest strong carrier-lattice interactions, as evidemgedn the presence
of Jahn-Teller distorted Cu@ octahedra, structural techniques can, in principle, provide in-
formation on the spatial distribution of doped charges through the structural respdrese
x-ray absorption fine structure (XAFS) technique is particularly suited fari@ghting such
response around dopants, as it is element specific; i.e., by tuning the x-ray enacyarac-
teristic absorption threshold of a given dopant, it can determingdtteal pair correlations
between the dopant and its neighbors. This is of paramount importance since the dopants
substitute at the crystal sites of the majority atoms and therefore techriftptesum over
all pair correlations are dominated by the correlations involving the majbiost, atoms. In
this paper we present evidence that the doped holes are spatially correlatetbfmasts in
Lay_xSKCuQy. This is manifested as a unique structural response of the Sr-O(2) distance
across the x ~ 0.06 insulator-metal transition, while no such response is observed for the
La-O(2) distance. This result by itself proves that the doped charge densiy umiformly
distributed, and that the dopants play a role in determining the inhomogeneous chage stat
In addition to local effects around dopants, we show evidence for the appearatic&rwi



doping, of an inhomogeneossuctural ground state at > 0.15. This ground state is char-
acterized by the presence of local domains with a larger orthorhombic distdnaontie
long-range averaged distortion determined by crystallography.

EXPERIMENTAL

Samples of La_,SKCuOy were prepared by (i) conventional solid-state reaction tech-
niques starting from related oxides (Radaellial. [1], 0.07 < x < 0.36) and (ii) by pre-
cipitation from ionic solution starting from related nitrates (Hasdtell. [2], 0 < x < 0.15).

Tc's were determined by magnetic susceptibility measurements and aveyatg structures
were determined by neutron and x-ray powder diffraction (Refs. 1 and 2). Talkdoaron-
ment around La/Sr atoms in 8, SKCuQy is quite complex and includes nine oxygen neigh-
bors at six different distances. In a powder XAFS experiment, an anguleaegvever all the
relative orientations of the electric field vector and the La/Sr-O bondtiines is performed.
There is simply not enough information in a powder XAFS experiment to resolteeadlif-
ferent distances. By performing our experiments@xis magnetically aligned powders, we
can exploit the angular dependence of the XAFS signal in the anisotropic (layeredesuprat
to measure subsets of the local structure around the absorbing atom allowing atectep|
termination of the local structure. (For excitation of cbre electron, i.e.K-edges, this
dependence is a c&one, with8 the angle between the electric field vector and the bond
orientation). Since we are particularly interested in structural grousié gtroperties, we
present here results of measurements performed at T=10K using a closed tyrteche-

plex refrigerator. Orientation-dependent spectra were taken by rotatingiémeeor samples
relative to the electric field vector of the synchrotron radiation. Experiewwere performed

at the National Synchrotron Light Source (NSLS, Brookhaven) and at the Advanced Photon
Source (APS, Argonne). Lla-edge measurements were performed in transmission geometry,
which determines the energy-dependent absorption coefficient by measuring thetattenua
of the x-ray intensity after passing through the sample thicknes&-&fge measurements
were done in both transmissioxX 0.04) and fluorescence K 0.04) geometries, where the
latter determines the absorption coefficient by measuring the secondaryorathat accom-
panies the de-excitation of the absorbing atom. The reader is referred td.Rfisr further
experimental details.

RESULTS

Figure 1 shows local Sr-O(2) and La-O(2) apical distances as determamed-fixis po-
larized XAFS experiments at Sr and Kaedges as a function of Sr content in,LgSCuOy
at T=10K. The O(2) oxygens form the apices of Gu&tahedra and the La/Sr-O(2) api-
cal bonds nearly coincide with the crystallograpbiaxis (slightly off c-axis due tox 3°
tilts of CuQ; octahedra and correlated off-center displacements of La/Sr atoms in4fe La
planes. See Radaedt al.[1] for a detailed description of the crystal structure). We have
previously reported evidence for the existence of a double site distribution for tted &¢R)
oxygens only near Sr atoms, a distribution that can be described as two Sr-Qé2rdss
atr ~ 2.25 2.55A, respectively, with relative weights that strongly dependxofHaskel
et al.[4]). These previous results were obtained on samples prepared by solidesizttorn.
The samples prepared by precipitation from solution did not show the broad (sptii} di
bution in the Sr-O(2) distance, indicating a more homogeneous Sr environment iti¢he la
Since samples from both families have similar values gfiflis implied that the double site
distribution observed previously must not be related to the mechanism of supereanduct

The single Sr-O(2) distance found in the samples precipitated from solutionyégwe
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Figure 1. Top: Local Sr-O(2) (centroids) and La-O(2) apical distanobtained fronc-axis polarized Sr
and La XAFS at theilK-edges at T=10K. Sr measurements were done on samples gdpaisolid state
reaction (circles) and by precipitation from solution (atgs, crosses) and at different synchrotron facilities
(APS, NSLS). Results from both transmission and fluoresceneasurements are shown for comparison for
x=0.04. Crosses are displacedifor clarity. Bottom: weighted averages of Sr-O(2) and L&) {istances as

a function ofx and their comparison with the results of crystallography.

agrees well with the weighted average of the two Sr-O(2) distances foundpsériThis is
shown in Fig. 1 where theentroid of the Sr-O(2) apical distribution is plotted for samples
made by the different methods+£ 0.07,0.15). Good agreement is also obtained for Sr-O(2)
distances obtained by measuring XAFS at th&KSedge in transmission and fluorescence
geometriesX = 0.04) as well as between measurements performed at different synchrotron
facilities (x < 0.04).

Figure 1 shows that tHecal Sr-O(2) apical distance is significantly longer thanltteal
La-O(2) distance. Their weighted averagéa— O(2)]« (2—X) + [S — O(2)] xX)/2, agrees
with the values obtained by crystallography, as expected (lower panel of Fighé)onger
Sr-O(2) local distance is readily explained by the stronger attraction of divelgaharged
O(2) ion to a trivalent L42 ion than to a divalent SP. This has significant implications
for the local electronic structure of ba,SKCuQy, as discussed below. The local La-O(2)
distance is nearly independentxyfand therefore the average expansion of the La/Sr-O(2)
distance determined by crystallography as the Sr content is increased is tedriorease
in weight, withx, of the long Sr-O(2) distance. A more striking observation is the change in
slope that is observashly in the Sr-O(2) distance at~ 0.06 butnot in the La-O(2) distance.
We recall that in La_4Sr,CuQ, an insulator-metal (I-M) transition takes placexat 0.06.

The response of the Sr-O(2) distance to the delocalization of doped holes is welmiah
spatial correlation between these doped holes and the Sr dopants. This obsengsicha
slope explains a similar (but opposite) change in slope measured by crystallognapby i
dependence of the Cu-O(2) apical distance (Figure 2 and Ref. [1]). O(2) apich)s ki and
La/Sr atoms in a nearly collinear configuration. Since we know from Sr and LaS{ABt
the Sr-Cu and La-Cu distances along thaxis are nearly identical (within.01A, Haskel
et al. [5]) the Cu-O(2) apical distance measured by diffraction is a weightechgeeof a
majority long Cu-O(2) distance (near La) and a minority short Cu-O(2) distareas Sr),



242 ¢
241
240 -

Cu-0(2)(A)

239 -
2.38

0.0 0.1 0.2 0.3 0.4
x(Sr)

Figure 2. Cu-O(2) apical distance measured by crystallography (8ad# al.[1]). The change in slope at
the I-M transition reflects the similar (but opposite in gighange in slope observed in the Sr-O(2) apical
distance.

with the latter showing a reversal in slope at the I-M transition.

We now turn to the experimental evidence showing the appearance of nanodomain struc-
ture in La_4SrCuQy for x > 0.15. The structural phase diagram obLaSr,CuQy, indicates
a low temperature orthorhombic (LTO) ground state with correlatedgCusahedral tilts
of magnitude~ 3° about(100) crystallographic axis. Crystallography finds that as the Sr
content is increased the tilt angle of Cgi@ctahedra gradually decreases, becoming zero at
x~ 0.21 (at T=10K), at which point the second-order phase transition to a macroscgpicall
tetragonal phase (HTT) is completed. Figure 3 shows the different tilt pateérCuQ oc-
tahedra encountered in La-cuprates. The Sr-doped system only exhibits the LTO'and H
phases, as determined by neutron diffraction. It is immediately obvious frgnBRhat by
measuring Cu-O(1) and Cu-O(2) distances (i.e. the Cu atoms nearest neighttarsef) it
is not possible to determine thlerection nor themagnitude of the CuQ@ octahedra tilts. This
is because the tilts are nearly rigid and their magnitude too small to prodyeeeasurable
changes in the near-neighbors distances within the sensitivity of XARB)1A. The O(2)
apical atoms lie in the L#, planes and different tilt directions and/or magnitudes result in
significantly different La-O(2) planar radial distribution functions (Figure Bherefore by
measuring in-plane polarized XAR$the La site, we are extremely sensitive to tilt direction
and magnitude. By measuring the local La-O(2) planar distribution of distas@efiaction
of x we can follow the structural phase transition from the LTO phase (3 distatacése
HTT phase (a single distance).

Figure 4 shows the results of such measurements. It is immediately obvidia-tha
though the local splitting (and therefore the local magnitude of tilt angle) ilyittEcreases
up tox ~ 0.15, the local splitting deviates from the macroscopic value determined bylerysta
lography above this concentration. In particular, whereas the averagewtdtgoes to zero
at the LTO—~ HTT phase transitionx(= 0.21), the local tilts do not vanish.

DISCUSSION

That the Sr-O(2) distance shows a large response to the delocalization of htiles a
[-M transition but the La-O(2) distance does not (Figure 1) is direct evidencetbpatial
correlation exists between the doped holes and the dopants that introduced themighhis m
not be surprising, as at low Sr concentrations the dopants’ potential is poorly sceeehid
is energetically favorable for a doped hole to remain in the vicinity of thé&8arger dopant
concentrations screening becomes more efficient but remains poor at very slamtess so
the doped holes, even if itinerant, are expected to have significant weight uicthigy of
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Figure 3. Top: The different Cu@octahedral tilt patterns encountered in La-cuprates hagetith the resul-
tant La-O(2) planar distances caused by such tilts. Ciggaphy finds that only the LTO and HTT phases
materialize in La_,SrCuQy. While XAFS at the Cu sites is nearly insensitive to tilt diien and magnitude,
XAFS at the La sites is very sensitive to both as seen in thedifferent radial distribution functions of La-O(2)
distances. The splitting in La-O(2) distances is directygortional to the magnitude of octahedral tilts.
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Figure 4. La-O(2) planar and La-La planar distances as a functiondstermined by in-plane (electric field
parallel to LaO, planes) polarized L&K-edge XAFS in La S, CuQ, at T=10K. Solid lines show the results
of crystallography (Radaek al.[1]), with the macroscopically averaged splitting of La2pénd La-La planar
distances going to zero at= 0.21 (the splitting is proportional to the tilt angle of CgO@ctahedra). The XAFS
results show that, although decreasing ug t60.15, the splitting remains present in the local structuredas
the tilts) even in the nominal HTT phase.

the dopants. The structural response to the change in localization of the holdsoasdlsat
there is a strong local interaction between the doped hole and the lattice liéve Ibleis is the
first direct experimental evidence for a spatial correlation between dopahttoped holes,
although a similar conclusion was derived from the interpretation of NQR daktabymel
et al.[6].

The local distortion in the Sr-O(2) apical distance has an important role @nrdeting
the local electronic structure of La-cuprates. The electronic orbital ctearaf doped holes
was determined by polarization-dependent x-ray absorption near edge structur&$XAN
measurements, which, at the absorption threshold, determine the density of unostateed
(holes) at the Fermi level, projected into the angular momentum stategedlloy dipole se-
lection rules. OK-edge (1s) measurements showed that doped holes acquire more out-of-
plane, O 2p orbital character, compared to their in-plane, Q 2pharacter, as doping is
increased (Cheet al.[7]). This phenomenon is hard to explain by band structure calculations
using the periodic average structure of crystallography and a rigid band modebtmaéar
the changes in chemical potential with doping. However, the introductiondf &pants
results in a long, local, Sr-O(2) distance which raises the local energy of, OrBpals to-
wards the Fermi level, allowing them to become more populated by the doped hbles. T
raise in orbital energy is due to both a smaller Madelung energy contribution 8ftAéons
compared to L&3 together with an increased overlap of Q, 2pbitals with Cu 3¢,._,> ones
that results from the closer O(2)-Cu distance. The XANES measurement aietaahine
which oxygens in the structure are being populated by the doped holes, as it averages over all
oxygens. Our measurements indicate that the out-of-plane holes are being introdu¢d in O
apicals neighboring the Sr dopant atoms.



This result is crucial in understanding tbexis transport properties of Lka,Sr,CuQy,
as O 2p orbitals provide connectivity along theaxis. For example, the-axis normal
state conductivity is insulating/semiconducting throughout the superconducting region of the
phase diagram, due to the small overlap of Q @rbitals (the normal statab-plane con-
ductivity is metallic). As the Sr content increases, this overlap asae with a concomitant
increase irc-axis conductivity, to result ic-axis metallic conduction at ~ 0.25. (At this
concentration of dopants, ca. 12% of La sites, a random distribution of Sr atonts iesatl
least two Sr atoms per unit cell).

That the structure of La ,SCuQy is composed of nanodomains for 0.15 is readily
seen from Figure 4. For these concentrations the local structure is diffeoemttie aver-
age structure; specifically the local tilt angle of Guéxtahedra (and the related splitting of
La-O(2) and La-La planar distances) is larger than its macroscopicathaged value. In
particular, while the long range averaged tilt becomes zexe-a.21, the local tilt remains,
with a magnitude of comparable size to the on& at0.15. This can be explained by the
presence of structural disorder in the form of nanodomains. XAFS obtains localsaiuct
information within a length scale that is determined by the photoelectron fnearpath,
~ 10A. Diffraction techniques average over much longer length scales. In codéehd
macroscopically averaged tilt angle to be smaller than the local tilltker has to become
disordered over the length scale measured by diffraction. The tilts ftnerare locally or-
dered within domains whose size is determined by the correlation length of tesruy.
These domains are at least as big as the XAFS length sedl64) as no evidence for local
disorder is found in the XAFS measurements. We do not see the domain boundaries in our
measurements but we can put an upper limit, on the order &f 50 the domain size. Larger
LTO domains would be visible in the diffraction measurements, but those were restetds
The presence of nanodomains with diz&0< | < 504, for x > 0.15 is a direct consequence
of our measurements.

Most theories aiming at describing the transport properties of JS,CuQy limit the
Sr dopants’ involvement to their introduction of hole carriers into the £pl@nes. A much
more active role for the dopant sites is postulated by J. C. Phillips in the carfitieistzigzag
filamentary theory of high d'superconductors (Phillips [8]). In this theory dopants are res-
onant tunneling centers that serve the role of providing interlayer connectivityelyirng a
percolative current path. A large carrier-lattice coupling at the dopastaitks in establish-
ing this connectivity. The observation, in our measurements, of a structysahssin the Sr
environment (and not in the La one) to hole-delocalization at the I-M transgiarsignature
of the inhomogeneity of the wave function of the doped holes, which is peaked in the vicinity
of the dopant sites. This provides some support for the ideas in Ref. [8] which alsaddepe
on the inhomogeneity of the carriers’ wave function and on a large hole-latticeicgul
the dopant sites.

The appearance of structural disordexat 0.15 could be related to the decrease of
Tc in the overdoped regime; however, it has also been argued that the presencalof |
short-ranged orthorhombic domains with orthorhombic distortion larger than the magiosc
orthorhombic distortion measured by crystallography favors superconductivityigBd]).

The role played by disorder introduced with dopants is currently being debated, @atyicul
how it influences the topology of inhomogeneous charge distributions in higlufrates
(Hasselmanmet al.[9]).

Summary

Our experiments in La ySKCuOy provide evidence for a spatial correlation between the
doped holes and the Sr dopants, in addition to the presence of a large hole-latticagoupli
onlyin the vicinity of the Sr dopants. The local structure deviates from the macroseopie
age, structure at> 0.15, indicating the appearance of structural disorder. This disorder isin



the form of nanodomains, within which the local tilts are ordered, but tilts beclsnedered
relative to each other in going from one domain to the other. These resultstenthed Sr
dopants might have a much more significant role in determining normal and superconducting
properties of La_,SrCuQy than is typically assumed.
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